Abstract-In this paper, analysis of an adaptive rate convolutionally coded multicarrier direct sequence code division multiple-access (DS/CDMA) system is considered. In order to accommodate a number of coding rates easily and make the encoder and decoder structure simple, we use the rate-compatible punctured convolutional (RCPC) code. We obtain data throughputs at several coding rates, and choose the coding rate that has the highest data throughput in the signal-to-interference and noise ratio (SINR) sense. To achieve maximum data throughput, a rate adaptive system is proposed based on the channel state information (the SINR estimate). The SINR estimate is obtained by the soft decision Viterbi decoding metric. We show that the proposed rate adaptive convolutionally coded multicarrier DS/CDMA system can enhance spectral efficiency and provide frequency diversity.
I. INTRODUCTION
T HE radio links for portable and vehicular units can be characterized by time-varying multipath fading, which causes the transmission quality to vary with time. When the transmitter is provided with the channel state information (CSI), the channel can be used more efficiently. For example, if the channel is known to be in good condition, more information could be transmitted using a higher rate coding. As the channel condition becomes worse, the code rate should be lowered in order to maintain adequate transmission service quality [1] - [3] . At each signal-to-interference and noise ratio (SINR) operating point, we wish to choose the coded modulation scheme, which results in the highest throughput under retransmission delay constraints in DS/CDMA environment. Adaptive data rate schemes which change the coding schemes at the transmitter based on channel quality feedback from the receiver are very useful in achieving high throughputs in fading channels [4] .
Direct sequence code division multiple access (DS/CDMA) has become a popular multiple-access signaling methodology due to its robustness against fading, anti-interference capability and multiple-access capacity. The large spreading bandwidths employed typically exceed the coherence bandwidth of the channel, so that the fading tends to be frequency selective. In [5] , a multicarrier DS/CDMA system is examined that applied repetition coding to transmit multiple bandlimited DS/CDMA waveforms whose bandwidths summed to that of a comparable single-carrier DS/CDMA system. It has been shown that the system has a narrow-band interference suppression effect, along with robustness to multipath fading. In such a multicarrier system, path diversity is exchanged for frequency diversity.
Based on the work of [5] , forward error correction is employed in [6] in multicarrier systems, and it is shown that a multicarrier system with forward error correction has better performance than a multicarrier system with repetition coding. The requirement for different bit error rates (BERs) implies an adaptive error control coding scheme, allowing it possible to change code rate [7] . In addition, flexible channel encoding and adaptive decoders are required because the channel is time varying and only insufficient information on the parameters is available. We wish to change the coding rate and hence the correction power of the code according to source and channel needs. For practical purposes, we would like to have one encoder and decoder set which can provide us with a number of coding rates without changing its basic structure instead of a switching scheme between a set of encoders and decoders [8] .
In this paper, an adaptive rate convolutionally coded multicarrier DS/CDMA system is proposed and analyzed. We observe the effects of several coding rates in a multicarrier DS/CDMA system and then propose an algorithm to find coding rates which maximize data throughput. For the rate adaptive channel coding scheme, making use of the channel state information, we use the rate-compatible punctured convolutional (RCPC) code proposed in [8] , as repetition usually results in worse performance than puncturing [9] . Punctured convolutional codes are high-rate codes obtained by periodically deleting (i.e., puncturing) specific code bits from the output symbols of a low-rate encoder [10] . The rate adaptive multicarrier DS/CDMA system model is presented in Section II, system analysis is given in Section III, and simulation results are shown in Section IV. Some concluding remark is given in Section V.
II. SYSTEM MODEL

A. Transmitter
A typical power spectral density of a convolutionally coded orthogonal multicarrier (CC/OM) signal is given in Fig. 1 , and the transmitter for the rate adaptive CC/OM DS/CDMA system considered in this paper is shown in Fig. 2 . RCPC encoder of rate . The relationship between and the duration of a coded binary symbol can be written as (1) where is the number of subchannels. The coded binary symbols are allocated to subchannels to get frequency diversity. They are interleaved to get time diversity as well as frequency diversity, and are spread by each user's pseudonoise (PN) signature waveform with chip duration , where is the processing gain of the DS narrowband waveforms modulated by subcarriers. Note that for CC/OM systems, we have , where and are the total and subchannel bandwidths, respectively. Since we fix the subchannel bandwidth (or equivalently, the symbol duration ) in this paper, varies according to (1) when the code rate changes.
The transmitted signal of user can be written as (2) where the transmitted power per subcarrier; the th user's th coded symbol in the th subchannel after interleaving; the carrier angular frequency of the th subchannel, the random phases of the subcarriers are independent and identically distributed (i.i.d.) uniform random variables on and (3) is the signature waveform. In (3), are the spreading chips that take values and is a rectangular pulse whose value is one on and zero outside. A block diagram for the rate adaptation proposed in this paper is shown in Fig. 3 . The th user's information bits enter the transmitter RCPC encoder, described in Fig. 2 . Then the output of the transmitter goes through the channel. In the channel, the output is distorted by several factors such as interference from adjacent subchannels, co-channel interference, and etc. At the receiver, the channel output is despread and decoded by the receiver RCPC decoder, which will be described in Fig. 5 . At the same time, the SINR estimate is obtained at the receiver. The SINR estimate is provided to the transmitter and used in the decision of the code rate to maintain adequate service quality. The channel is assumed to be frequency selective Rayleigh fading and not to vary during one symbol duration. However, the subchannels are assumed to be nonselective by choosing the number of subcarriers appropriately as [5] ( 4) where is the maximum delay spread of the channel. Then the complex lowpass impulse response of the subchannels of user can be modeled as (5) where is the fading amplitude and is the random phase of the th subchannel, . The phases are i.i.d. uniform random variables on . In general, the fading amplitudes are correlated, but we can assume that they are i.i.d. Rayleigh random variables, once the coded symbols are properly interleaved in the time domain. It should be mentioned that the interleaving depth is limited by a delay constraint in any system using an interleaver, and to analyze the exact impact of an interleaver on the overall system performance is not our concern in this paper. Yet, in the system proposed in this paper, the size of interleaving is reduced compared to single carrier systems and, thus, the proposed system should be affected less by a delay constraint since we utilize the frequency diversity and time diversity at the same time.
We assume frame by frame transmission. Such a frame by frame transmission is typical of many cellular systems. The frame proposed in this paper is shown in Fig. 4 . Each frame of duration consists of a header of duration and data symbols of duration . We have and , where is the number of data symbols and is normally 8-10. The header contains pilot symbols and information on the rate and channel state. The function of the MUX in Fig. 2 is to combine the header and data symbols to make frames as shown in Fig. 4 .
B. Receiver
The receiver for the adaptive rate CC/OM DS/CDMA system in this paper is shown in Fig. 5 . Let us assume that there are users in a cell and power control is employed. Then the received signal at the base station can be written as (6) ; the additive white Gaussian noise (AWGN) with mean zero and variance . The received signal is coherently demodulated by the subcarrier and then correlated by each user's signature waveform. The coherent demodulation can be implemented by estimating carrier offsets [11] . Let the first user be the desired user and without loss of generality. Then the correlator output of the th subcarrier of the desired user is given by (7) where we dropped the subscript 1 used to denote the user and the subscript 0 used to denote the correlator output in for convenience. After the correlator output is deinterleaved, the output goes through a soft decision RCPC decoder using Viterbi algorithm.
At the decoder, we compute the decoding metric to estimate the SINR, which can be used in the decision of the code rate for the next frame. In fact, we can consider two methods of the information feedback. One is to feedback the SINR estimate, which is used to decide the code rate for the next frame at the transmitter. The other is to decide the code rate at the receiver and then feedback the code rate decided. In this paper, we use the first method of information feedback because, if some error occurs during the feedback information transmission in practical systems, the error of the code rate would affect more adversely than the error of the estimated SINR. We assume perfect feedback and no error in the decoding of the header for analysis purpose.
III. RATE ADAPTATION
A. Rate-Compatible Punctured Convolutional (RCPC) Codes
RCPC codes [8] are constructed by puncturing a convolutional code called the parent code. Let the code rate and constraint length of the parent code be and , respectively. The parent code is completely specified by the generator polynomials , , where [12] . The puncturing is done according to the rate compatibility criterion, which requires that lower rate codes use the same coded bits as the higher rate codes plus one or more additional bit(s). The bits to be punctured are described by an puncturing matrix consisting of zeros and ones, where is called the puncturing period. At time instant , the output from each generator is transmitted if and punctured otherwise. Here, denotes the element on row and column in the matrix . The number of columns determines the number of code rates and the rate resolution that can be obtained. Generally, from a parent code of rate , we can obtain a family of different codes with rates (8) The code rate of RCPC codes can be changed during even one information bit transmission and, thus, unequal error protection can be obtained [8] . In this paper, however, the code rate of RCPC codes is changed frame by frame, not bit by bit, because we assumed frame by frame transmission. An example of the RCPC encoder is shown in Fig. 6 .
B. Channel Quality Estimation
We can express the correlator output (7) as (9) where (10) is the desired signal (11) is the interference from other users in the same subchannel (12) is the interference from adjacent subchannels and (13) is the correlator output of the additive white Gaussian noise (AWGN) [6] . The co-channel interference can be rewritten as (14) where , and and are the continuous time partial cross-correlation functions defined in [13] (15) where we assume and is the average interference parameter defined as [13] (16)
In (16), is the discrete aperiodic cross-correlation function given by for for for .
(17)
Similarly, the variance of is (18) where [6] . The variance of the correlator output corresponding to the AWGN is (19) Since scaling the correlator output with a constant does not affect the performance, we can normalize the correlator output as follows [6] : (20) where (21) For convenience, we omitted the subscripts which represent the user. Note that the mean of is zero and the variance of is (22) where is the symbol energy of the convolutional code transmitted by one subcarrier.
In this paper, we use random sequences as the spreading sequences so that can be assumed to be a Gaussian random variable from the central limit theorem when and are large enough. Then (22) can be written as [6] , [13] (23)
Note that the bit energy is since in [6] : in this paper, however, the bit energy from (1). Let be the received codeword during one frame, where is the th correlator output at time index after interleaving and is the number of coded symbols in a frame. If all the CSI (the fading amplitudes and noise variances of all subchannels) is ideally available, we may use the maximum likelihood decoding metric for the path codeword as (24) where and . In practice, perfect CSI is not available, but partial CSI (estimates of the fading amplitudes) can be reliably estimated to achieve good error performance by using pilot symbols in the frames. Thus, we consider the decoding metric [6] (25)
where denotes an estimate since we may assume that the differences among the noise variances of the subchannels are not large.
Let be the estimated values of at the decoder. Then, if the available CSI is ideal, i.e., if , we have
The term is equal to zero if the decoder does not make any error. Typically, errors may occur when is small:
in such a case, however, is also small and may be neglected [4] . We thus have (27) and we may use (26) in the estimation of the SINR. That is, an estimate of the SINR is SINR (28)
C. Rate Adaptation
We now propose a threshold based adaptation scheme which adaptively changes the coding rate depending upon the SINR estimated by (28). Let be the SINR threshold values, which are chosen such that between and the channel coding rate has the highest throughput. Here, is the number of possible code rates. Then, the transmitter mode (rate) adaptation scheme can be defined as follows:
Choose if
In the proposed method, bit by bit adaptation is not assumed due to the feedback delay. Instead, we choose the adaptation interval in such a way that is long enough to allow the transmission of at least one frame and short enough to react quickly to the possible change of the SINR. The transmitter can then adapt its data rate every . This allows efficient error recovery through ARQ mechanisms even with dynamic rate adaptation. The rate at which the transmitter reacts to the changes in the SINR depends on the SINR estimate and feedback delay in the system [4] .
IV. SIMULATION RESULTS
In this section, we first investigate the effects of coding rates on the throughput, and then investigate the performance of the adaptive rate CC/OM DS/CDMA system via computer simulation using Monte Carlo methods. In the simulation, we use RCPC codes with rate 1/4 convolutional codes of constraint length and as the parent codes [7] , [8] : as the error control capability varies when the constraint length change, we use two values of . The number of subcarriers is four and nine. The processing gain is 192 and 96, for and , respectively, when the total bandwidth (29) is fixed. We assume each frame contains 144 symbols with ms and (that is, we assume perfect feedback to simplify the simulations). To see the effect of the number of users in a cell, Figs. 7 and 8 are given. When increases, achievable SINR decreases and converges as we can deduce from (23) also. In addition, as increases, the interference from other users and adjacent subchannels becomes more important than the AWGN. Thus, at the same value of , achievable SINR decreases as the number of subcarriers increases.
In Figs. 9 and 10 , we obtain data throughput curves for and , and and . In these results, we observe that the coding rate which maximizes data throughput is not the reciprocal of the number of subcarriers. When the SINR is very low, the BER is almost the same irrespective of the coding rate: thus, the throughput will be higher with higher coding rate than with lower coding rate. When the SINR is very high, the BER is higher for higher coding rate. However, as we can send more information bit with the higher coding rate, we obtain higher throughput with higher coding rate than with lower coding rate at very high SINR also. When , we can see that there are four crossing points when (and also) in Fig. 10 . To maximize the data throughput, crossing points around 2.5 and 5.5 (dB) are more important than the other two points. Therefore, we can choose these two points as the thresholds and construct a rate adaptive system as described in Section III-C. The rate 1/9 code in Fig. 10 was obtained from the rate-compatible convolutional code [7] of a parent code with rate 1/4.
We implemented our adaptive rate CC/OM DS/CDMA system based on the above observations. When , it is clear that fixing the coding rate to allows us to get the highest throughput from Fig. 9 : the result is Fig. 11 . When , using the thresholds dB and dB, we get Fig. 12 . In Figs. 11 and 12 , the throughput of the conventional system (fixed rate with ) is also shown. It is clear that we can get much higher throughput with the adaptive system.
V. CONCLUSION
In this paper, an adaptive rate convolutionally coded multicarrier DS/CDMA system has been analyzed. In order to accommodate a number of coding rates easily and make the encoder and decoder structure simple, we use the rate compatible punctured convolutional code. Data throughputs have been obtained at several coding rates, numbers of subcarrier, and constraint lengths. Then we choose the coding rate which has the highest data throughput at each value of SINR. To achieve maximum data throughput, we have proposed a rate adaptive system based on the channel state information (the SINR estimate). The SINR estimate has been obtained by the soft-decision Viterbi-decoding metric. Finally, we have shown that the proposed rate adaptive convolutionally coded multicarrier DS/CDMA system can enhance spectral efficiency and provide frequency diversity. 
